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LOW TORQUE RIPPLE SWITCHED RELUCTANCE MOTOR 

FIELD OP THE INVENTION 
The, present invention relates to electric machines 
having a stcitor and a rotor, wherein the shape of the poles in 
radial cross-section are altered so as to improve the machine's 
performance when operated as a switched reluctance motor, i.e., 
when its respective machine phases are consecutively and 
sequentially energized to provide- substantially continuous 
rotation of the rotor within the stator. 

BACKGROUND OF THE INVENTION 

The prior art teaches . electric machines, such as 
switched reluctance motors, which operate on the basis of varying 
reluctance in their several magnetic circuits. Typically, such 
machines are doubly salient, that is, each machine has poles on 
both its stator and its rotor. The stator poles are typically 
encompassed by electric windings to form the phases of the 
machine and, in a common configuration, the stator windings on 
diametrically opposite poles are connected in series to form one 
machine phase. The rotor's poles are likewise disposed about the 
rotor's periphery in diametrical pairs. 

When a machine phase is energized, the resulting 
magnetic field tends to urge the nearest rotor pole pair toward 
an aligned position with the poles of the energized phase, 
thereby applying a torque to the rotor whose profile is itself 
dependent upon several factors, including the shapes of the 
stator and rotor poles and their relative rotational positions, 
and the manner in which the machine phase is itself energized, 
e.g., the current applied to the stator windings. By energizing 
consecutive machine phases in succession, and in a cyclical 
fashion, the rotor may be urged to rotate continuously by virtue 
of the resulting overlapping torque profiles generated by the 
individual machine phases . 

Unfortunately, the nominal torque profile for each 
machine phase is such that . the overlapping torque profiles 
themselves combine to produce a varying overall torque output for 
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the motor, also known as torque * ripple 11 • In response, the prior 
art teaches varying the amplitude of the electric current applied 
to e^ch stator winding as a function of the relative angular 
position of the rotor (sometimes referred to as "current 
mapping' 1 ), thereby generating machine phase torque profiles 
which, when combined, provide a nearly constant machine torque 
output. This prior art approach, however, requires additional 
electronic circuitry with which to sense the relative angular 
position of the rotor and to modulate the applied current in 
response thereto. Such additional circuitry greatly increases 
the cost and complexity of the resulting machine . 

Thus, there is a need to provide an electrical machine 
that reduces or eliminates one or more problems as described 
above . 

SUMMARY OF THE INVENTION 
In accordance with the present invention, an improved 
switched reluctance motor comprises an annular stator defining 
a plurality of radially- inwardly- extending poles, and a rotor 
supported for rotation within the stator and defining a plurality 
of radially-outwardly-extending poles. In accordance with the 
invention, each stator pole defines a shape in radial cross- 
section characterized by a generally rectangular body portion 
having parallel sides which extend from the inner periphery of 
the stator,. preferably in a direction generally parallel to a 
radial line bisecting the respective pole; and a tapered tip 
portion, wherein the angle at which the sides of the tip portion 
taper is no greater than about 40°, but most preferably at least 
about 30°, relative to the sides of the rectangular body portion; 
and wherein the nominal width of each pole's rectangular body 
portion is at least 1.3 times, but most preferably between about 
1.3 times and about 1.45 times, the nominal (chordal) dimension 
across the tip portion's radially- innermost surface (the latter 
surface being slightly concave so as to define a nearly constant 
air gap between opposed stator and rotor pole tip's during 
operation of the motor) . 
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The resulting switched reluctance motor features a 
"flattened" torque profile for each energized machine phase. As 
a result, upon energizing consecutive machine phases in 
succession, a relatively constant output torque is obtained from 
a motor which is otherwise simple and inexpensive, both in 
construction and operation. 

BRIEF DESCRIPTION OF TKE DRAWINGS 

Referring to the drawings, wherein like reference 
numerals are used to designate like elements in each of the 
several figures, 

FIG. 1 is a schematic longitudinal view in cross- 
section of a four-phase switched reluctance motor in accordance 
with the present invention; 

FIG. 2 is a view in cross-section of the motor along 
line 2-2 of FIG. 1; 

FIG. 3 is an enlarged partial sectional view of one of 
the motor's stator poles; and 

FIG. 4 is a representative plot of the torque profile 
for a given machine phase of the motor of FIG. 1, further 
annotated to show overlap with the torque profiles of other 
phases. 

DETATIjED description of the preferred embodiment isl 

A four-phase switched reluctance motor 10 in accordance 
with the present invention is shown schematically in FIG. 1 as 
including a generally annular stator 12 , and a rotor 14 which is 
concentrically supported for rotation within the stator 11 as by 
bearings 16 secured proximate to the respective longitudinal ends 
of the stator 12 . The stator 12 is formed as a laminated stack 
(not shown) of a magnetically-permeable material such as iron. 

As seen more clearly in FIG. 2, a plurality of 
radio lly-inwax'dly- extending poles 18 are formed on the stator 12, 
deployed about the stator r s inner periphery in diametrically- 
opposed pairs. It will be appreciated that, while the stator 12 
of the illustrated embodiment is provided with eight poles 18, 
a greater or lesser number of poles IB may be provided in any 

-3- 



BNSDOCID: <WO 973951 2A1_I_> 



WO 97/39512 



PCT/US97/06872 



particular machine configuration. The radially- innermost 
surface 20 of each stator pole. 18 is preferably slightly concave 
so as to define a nominal "bore" within which to receive the 
rotor 14 . 

The rotor 14 itself includes a plurality of radially- 
outwardly- extending poles 22 are formed on the rotor assembly 14, 
also in diametrical pairs. As noted with respect to the 
stator 12, the rotor 14 may be provided with a greater or lesser 
number of poles 22 than the ten such poles 22 of the illustrated 
embodiment, noting further that, for switched reluctance motors, 
it is well known to provide a different number of poles 22 on the 
rotor 14 as is provided on the stator 12. The radially- outermost 
surfaces 24 of each rotor pole 22 is preferably slightly convex 
to define an effective outer rotor diameter adapted to be 
received within, i.e., slightly smaller than the stator 
assembly 1 s "bore . " 

An electrical conductor is wound about each of the 
stator poles 18 with the resulting stator windings 26 of 
diametrically opposite stator poles 18 being connected in series 
to form one machine phase. Each machine phase may be energized 
individually and, when consecutive machine phases are energized 
in sequence, provides for rotation of rotor 14 within the 
stator 12 . 

As seen in FIGS. 2 and 3 , in accordance with the 
present invention, each of the stator f s poles 18 defines a shape 
in radial cross-section characterized by a generally rectangular 
body portion 30 having parallel sides 32 which extend from the 
inner periphery of the stator 12, preferably in a direction 
generally parallel to a radial line 34 bisecting each respective 
stator pole 18. The rectangular body portion 30 conveniently 
serves as a rectangular coil, form about which to wind t he- 
conductor forming the stator winding 26 or, alternatively, about 
which to receive a mating wound bobbin (not shown) . The 
rectangular body portion 30 may further ensure that the shape of 
each stator pole 18 does not otherwise consume useful winding 
space proximate to its base. 
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In accordance with the present invention, the shape of 
each stator pole 18 is further characterized by a tapered tip 
portion 36, wherein the angle 3 at .which the sides of the tip 
portion 36 taper is no greater than about 40°, but most 
preferably at least about 30 °, relative to the sides 32 of the 
rectangular body portion 30. Still further, the nominal width D 
of each pole's rectangular body portion 30 is at least 1.3 times, 
but most preferably between about 1.3 times and about 1.45 times, 
the nominal (chordal) dimension d across the tip portion's 
radially- innermost surface 20 (the latter surface 24 cooperating 
with the slightly convex opposing rotor surface 24 so as to 
define a nearly constant air gap between opposed stator and rotor 
pole tips during operation of the motor 10) . The shape of each 
stator pole 18 is preferably symmetrical relative to radial 
line 26 , with a radius 32 formed at the base of the rectangular 
body portion 22 proximate the inner periphery of the stator* s 
annular body 34 to facilitate stator manufacture. 

In accordance with another feature of the present 
invention, the nominal chordal dimension d* across the arcuate, 
radially- outermost surface 24 of each rotor pole 22 is preferably 
slightly greater than the nominal dimension across the arcuate, 
radially-outermost surface 20 of the tip portion 26 of each 
stator pole 18 . 

The single-phase torque profile generated by the 
magnetic interaction of the poles 18,22 of the stator 12 and 
rotor 14 is shown in FIG. 4, plotted as against electrical 
degrees of the given machine phase (with zero electrical degrees 
representing the unaligned position) . When the stator poles 18 
of a given machine phase are energized with a substantially 
constant energizing current, as through use of a conventional 
phase sequencer (not shown) , the magnetic interaction between the 
energized stator poles 18 and the rotor poles 22 positioned 
within 180 electrical degrees thereof generates a torque as each 
rotor pole 22 is urged toward an aligned position with its 
respective energized stator pole 18. 

Review of FIG. 4 confirms that the dual -section 
motor 10 of the present invention provides a flatter torque 
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profile 38 without current mapping. Specifically, the maximum 
prescribed taper angle p of 40° and minimum prescribed body-to- 
tip "width 11 ratio reduces the relative flux density within the 
rectangular body portion 3 0 of each energized stator pole 18 as 
a given rotor pole 22 moves into alignment therewith. And, while 
a taper angle p of greater than 40° provides too "soft" a torque 
profile around the aligned position, a taper angle (5 of perhaps 
about 30° is considered to provide a sufficient reduction in flux 
density within the rectangular body portion 3 0 of the stator 
pole 18 while not otherwise penalizing the resulting torque 
profile around the alignment position. FIG. 4 also shows the 
region of overlap extending between points 40 , 42 of the 
illustrated torque profile 38 with the torque profiles Oi: other 
phase3 . 

While the preferred embodiment of the invention has 
been disclosed, it should be appreciated that the invention is 
susceptible of modification without departing from the spirit of 
the invention or the scope of the subjoined claims. Thus, while 
the invention was described and illustrated above in the context 
of a four-phase switched reluctance motor 10, it will be 
appreciated that the invention may be used in conjunction with 
any machine having at least two phases (i.e., a selected machine 
phase to-be switched between modes, and a nonselected machine 
phase to be operated only during a multi-phase mode), as v/ell as 
in conjunction with other well-known electric machines and/or 
structures . 
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WE CLAIM: 

1. A switched reluctance motor comprising: 

an annular stator defining a plurality of radially -inwardly- 
extending poles, each stator pole defining a first shape 
in radial cross-section characterized by a generally 
rectangular body portion having substantially parallel 
sides, and a tapered tip portion with a radially- 
innermost arcuate surface, wherein the angle at which 
the sides of the tip portion taper is no greater than 
about 40° relative to the sides of the rectangular body 
portion, and wherein the nominal dimension from side to 
side of each pole's rectangular body portion is at least 
1.3 times the nominal chordal dimension across the tip 
portion's radially -innermost arcuate surface; and 

a rotor, supported for rotation within said stator, defining 
a plurality of radially-outwardly-extending poles, each 
rotor pole defining a second shape in radial cross 
section. 

2. The motor of claim 1, wherein the first shape of 
each stator pole is further characterized in that the sides of 
the rectangular body portion extend generally parallel to a 
radial line bisecting the stator pole. 

3. The motor of claim 1, wherein the first shape of 
each stator pole is further characterized in that the radially- 
innermost surface of the tip portion is centered about a radial 
line bisecting the stator pole. 

4. The motor of claim 2, wherein the first shape of 
each stator pole is symmetrical about the radial line bisecting 
the stator pole. 



97395 12A1_I_> 



WO 97/39512 



PCT/US97/06872 



5. The motor o£ claim 1, wherein the nominal dimension 
from nide to side of each pole's rectangular body portion is in 
the r.-mge between about 1.3 times and 1.45 times the nominal 
chordnl dimension across the tip portion's radially-innermost 
arcuate surface . 

6. The motor of claim 1, wherein the angle at which the 
sides of- the tip portion taper is at least about 30° relative to 
the sides of the rectangular body portion. 

7» The motor of claim 1, wherein the second shape of 
each rotor pole has an arcuate radially- outermost surface having 
a nominal chordal dimension slightly greater than the nominal 
chordal dimension across the radially- innermost arcuate surface 
of tho tip portion of each stator pole. 
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